The process of wing patterning involves precise molecular mechanisms to establish an organizing center at the dorsal-ventral boundary, which functions to direct the development of the Drosophila wing. We report that misexpression of dLMO, a Drosophila LIM-only protein, in specific patterns in the developing wing imaginal disc, disrupts the dorsal-ventral (D-V) boundary and causes errors in wing patterning. When dLMO is misexpressed along the anteriorposterior boundary, extra wing outgrowth occurs, similar to the phenotype seen when mutant clones lacking Apterous, a LIM homeodomain protein known to be essential for normal D-V patterning of the wing, are made in the wing disc. When dLMO is misexpressed along the D-V boundary in third instar larvae, loss of the wing margin is observed. This phenotype is very similar to the phenotype of Beadex, a long-studied dominant mutation that we show disrupts the dLMO transcript in the 3 untranslated region. dLMO normally is expressed in the wing pouch of the third instar wing imaginal disc during patterning. A mammalian homolog of dLMO is expressed in the developing limb bud of the mouse. This indicates that LMO proteins might function in an evolutionarily conserved mechanism involved in patterning the appendages.
The Drosophila wing and notum are derived from the wing imaginal disc (dorsal mesothoracic disc), which is subdivided first into anterior and posterior compartments and later into dorsal and ventral compartments during development (1, 2) . The Drosophila LIM-homeodomain protein Apterous (Ap) is expressed only in the dorsal compartment, where it specifies dorsal cell fates (3, 4) . Ap activates expression of fringe ( fng), which modulates the activation of the Notch (N) receptor by its ligands Serrate (Ser) and Delta (Dl) across the dorsalventral (D-V) boundary (1, (5) (6) (7) . Notch activation leads to the expression of wingless (wg) and cut (ct) at the D-V boundary (8) (9) (10) . Cells along the D-V boundary eventually form the wing margin, the edge of the wing connecting apposed dorsal and ventral cell layers of the wing blade (1) .
Loss of tissue at the wing margin occurs in Beadex (Bx) mutations. First identified by C. Bridges in 1925, Bx acts as a dominant mutation that maps to region 17C on the X chromosome (11) . The Bx phenotype appears to be caused by excess activity of the wild-type heldup-a (hdp-a) gene, which also maps to 17C (12) (13) (14) . The observation that a deletion that not only removes the Bx locus but also adjacent DNA results in a hdp-a phenotype without the Bx phenotype indicates that wild-type hdp-a gene function is necessary for the expression of the Bx phenotype (15) . In this paper, we report results strongly suggesting that Bx is a regulatory mutation in dLMO, encoding a Drosophila LIM-only protein (16) that most likely corresponds to the activity associated with hdp-a.
The dLMO protein contains two LIM domains without any other recognizable domains. LIM domains are characterized by seven precisely spaced cysteine residues. This domain was identified originally in three transcription factors, Lin-11, Isl-1, and Mec-3, for which it was named (17, 18) . These proteins, like Ap, contain two tandem LIM domains, a homeodomain (HD) and a transcriptional activation domain, placing them in the LIM-HD subfamily. In contrast, proteins in the LIM only (LMO) subfamily, such as dLMO, contain only LIM domains without homeodomains (17) . dLMO was isolated by virtue of its sequence similarity with the human LMO genes (16) , which are protooncogenes associated with forms of acute T cell leukemia (19, 20) .
To determine the likely sites of dLMO function in Drosophila, we examined the expression pattern of dLMO RNA and found that dLMO is expressed in many tissues including the wing disc. We studied the effect of dLMO on wing development by misexpressing dLMO in different patterns in the developing wing disc. Misexpression of dLMO along the anterior-posterior (A-P) boundary induces ectopic wing margin formation and ectopic wing outgrowth, similar to the phenotype generated by clones of ap mutant cells (3, 4) . Additionally, misexpression of dLMO along the D-V boundary results in a scalloping phenotype similar to that seen in Bx. Molecular analysis of Bx reveals that many alleles contain transposon insertions in the dLMO transcript.
Drosophila wing development and vertebrate limb development have intriguing parallels. Analogous to the margin in the Drosophila wing, the apical ectodermal ridge is formed at the D-V boundary of the developing vertebrate limb bud and serves as a signaling center for the outgrowth and patterning of the limb (21) . In addition, vertebrate and Drosophila appendage formation involves many orthologous genes. We found that a mammalian homolog of dLMO, LMO-2, is expressed in the developing limb bud at a stage and location consistent with an involvement in limb development.
MATERIALS AND METHODS
Fly Strains. Flies were grown on standard cornmeal͞agar͞ yeast. Common stocks are described in ref. 11 . scabrous-GAL4 (sca-G4) (22) , wingless-lacZ (wg-lacZ) (23), apterous-lacZ (ap-lacZ) (24) , and patched-GAL4 (ptc-G4) (25) are enhancer traps of the respective genes. Serrate-GAL4 (Ser-G4) is a construct containing GAL4 driven by a Ser enhancer (26 Misexpression Screen. Approximately 2,300 independent EP insertion lines, generated by P. Rørth (27, 28) and kindly provided by P. Rørth, T. Laverty, and G. M. Rubin, were crossed initially to sca-G4 at 25°C. The F1 of these crosses were shifted to 29°C 48-72 hr after egg laying. The emerging adults were scored for abnormal bristles. The lines that gave bristle phenotypes were crossed to sca-G4 and ptc-G4. Three lines, EP 1394, EP 1383, and EP 1306, were found to produce abnormal wings when crossed to ptc-G4, in addition to their bristle phenotypes. The DNA sequence flanking the EP insertion site was isolated by plasmid rescue and sequenced (27, 28) .
Molecular Analysis of the Bx Locus. Molecular techniques were performed according to Maniatis et al. (29) . The dLMO cDNA was kindly provided by B. Royer-Pokora (HeinrichHeine Universitaet, Duesseldorf). Genomic DNA was prepared from homozygous Bx flies (30) . y w (yellow white) flies were used as a control.
Upstream Activation Sequence (UAS)-dLMO Transgenic Flies. The plasmid containing dLMO cDNA was digested with XhoI and XbaI, and the released dLMO insert was subcloned into pUAST (31) to generate pUAS-dLMO. To add the myc tag, PCR was performed (Vent Polymerase, New England Biolabs) by using a primer over a PstI site within dLMO (5Ј-GCCTGCAGCAAGGTGATCCCAGCCTTCGAG-3Ј) and a primer at the stop codon (5Ј-GGCTCTAGACTACA-GATCCTCCTCGGAGATCAGCTTCTGCTCCATGCTG-GACGCGCCCAGTTGATTCTTCATATGGGC-3Ј), which added amino acids QGTEQKLISEEDLN (myc tag) in-frame with the dLMO ORF. The fragment generated was subcloned into pBluescript (Stratagene) containing the dLMO cDNA digested with PstI and XbaI. All cloned PCR fragments were sequenced to ensure no errors were introduced during PCR. The cDNA containing the myc tag and without the 3Ј UTR was then subcloned into pUAST and used to create pUASdLMO myc . A total of two UAS-dLMO and nine UASdLMO myc transgenic lines were generated by using standard techniques (30) .
Immunostaining, X-Gal (5-bromo-4-chloro-3-indolyl ␤-Dgalactoside) Staining, and in situ Hybridization. Immunostaining, X-gal staining, and in situ hybridization of Drosophila embryos and imaginal discs were performed as in ref. 30 . The rabbit anti-␤-gal antibody was purchased from Cappel and used at 1:500 dilution. The mouse anti-myc mAb (9E10) was purchased from Santa Cruz Biotechnology and used at 1:200 dilution. Rat anti-Cut antibody is described in ref. 32 . In situ hybridization to whole-mount mouse embryos was done essentially as described (33) . The mouse LMO-2 cDNA was obtained from Genome Systems (St. Louis). The sense RNA probe was used as a control (not shown).
RESULTS
Isolation of dLMO from a Misexpression Screen. We performed a modular misexpression screen using approximately 2,300 EP lines, each containing an independent P element insertion, that causes misexpression of a downstream gene in the presence of GAL4 (27, 28) . Our initial screen was designed to identify lines that yielded bristle phenotypes upon ectopic expression driven by GAL4 in neural precursors. Positives from the initial screen were subjected to a secondary screen, in which we used patched-GAL4 (ptc-G4) to drive misexpression along the A-P boundary including a subset of sensory organ precursors in the developing wing disc. Three EP lines (1306, 1383, 1394) were identified that displayed ectopic wing formation on the wing or notum when crossed to ptc-G4. The DNA flanking the P element in each of these EP lines was cloned and sequenced. After comparison with the GenBank database, the three lines were identified as independent genomic insertions approximately 310, 280, and 250 bp upstream of the reported dLMOa transcript (Fig. 1A) (16) . To confirm that dLMO was, in fact, responsible for the ectopic wing outgrowth, we made transgenic flies containing a UASdLMO cDNA construct. Misexpression of UAS-dLMO with ptc-G4 results in ectopic wing outgrowth from the dorsal wing blade (data not shown), the same phenotype seen when EP 1394 is crossed to ptc-G4 (see below).
Genomic Southern Analysis of Beadex Mutants Detects Insertions in the Gene Encoding dLMO. The dLMO gene is located in the 17C region of the X chromosome (16) . Beadex (Bx) also maps to this region (11) . Because of the wing phenotype associated with Bx alleles, we suspected that dLMO could be the gene mutated to cause the Bx phenotype. Many Bx alleles contain transposon insertions within a 500-bp region (15) . Comparing the restriction map of the Bx alleles (15) with the restriction map of the dLMO genomic region (16), we suspected this 500-bp region corresponds to a BamHI fragment in the 3Ј UTR of dLMO (Fig. 1 A) ), we found that the BamHI fragment thus identified was longer than the 403-bp BamHI fragment from wild-type DNA (Fig. 1B) . This strongly suggests that the insertions in these previously studied Bx alleles (15) The Expression Pattern of dLMO in Wild-Type Drosophila During Development. To determine the expression pattern of dLMO, we performed in situ hybridization using dLMO cDNA as a probe. In third instar wing imaginal discs, dLMO is expressed at high levels in the dorsal compartment and at lower levels in the ventral compartment ( Fig. 2A) . dLMO also is expressed in the leg and eye discs (not shown). In the embryo, dLMO is expressed in the brain and in a subset of cells in the developing central nervous system (Fig. 2B) . The presence of dLMO in many different structures suggests that perhaps dLMO serves multiple functions during development.
Misexpression of dLMO at the D-V Boundary Disrupts Margin Formation Mimicking the Beadex Phenotype. To test the effect of misexpression of dLMO along the boundary between the dorsal and ventral compartments of the wing disc, we used Serrate-Gal4 (Ser-G4), which drives expression in the developing wing margin during third instar (22) . Wing margin formation in third instar wing discs then was assessed by using wg-lacZ and Ct as markers for the developing wing margin. We found that the margin is discontinuous in discs misexpressing dLMO along the D-V boundary (Fig. 3A) . This disruption of margin formation results in wing scalloping (Fig. 3B ) that resembles the Bx phenotype (Fig. 3C) .
Misexpression of dLMO Along the A-P Boundary Leads to Ectopic Margin Formation and Extra Wing Outgrowth. ptc-G4 was used to drive misexpression of dLMO along the A-P boundary. A gap in wg-lacZ staining appears in the third instar wing disc where dLMO misexpression intersects the D-V boundary (Fig. 4B) . Additionally, an ectopic wg-lacZ stripe appears along the posterior edge of the ptc-G4 expression domain in the dorsal compartment, perpendicular to the endogenous wing margin (Fig. 4B) . Double-staining for myctagged UAS-dLMO and wg-lacZ reveals that wg-lacZ is being expressed in cells both in the dLMO expression domain and in the adjacent cells (Fig. 4D) , similar to wg expression in both the dorsal and ventral cells of the endogenous wing margin (1). Ct is also expressed along the posterior edge of the dLMO misexpression domain (data not shown). These markers signify the formation of an ectopic wing margin in the dorsal compartment. Outgrowth organized by this ectopic margin leads to extra wing formation from the dorsal wing blade as originally observed (Fig. 4E) .
The Vertebrate dLMO Homolog LMO-2 Is Expressed in the Developing Mouse Limb Buds. Many vertebrate homologs of Drosophila genes important for wing patterning have been found to play a role in limb development (21) . To determine whether the LMO genes might also be involved, we performed in situ hybridization using the mouse LMO-2 cDNA on E10.5 mouse embryos. (LMO-1 and LMO-3 were not characterized.) We found that LMO-2 RNA is present in the developing limb bud at E10.5 (Fig. 5) . Expression is seen in a band centered on the D-V boundary of the developing limb bud. In situ hybridization to sections of the limb bud reveals that LMO-2 RNA is present in a broad field of the mesenchyme underlying the apical ectodermal ridge (data not shown), a structure known to be an important organizing structure of the limb bud (21) . Expression is also seen at the somite boundaries (data not shown).
DISCUSSION
In this report we provide evidence that improper regulation of dLMO, the Drosophila member of the evolutionarily conserved LIM-only gene family, can disrupt the development of the Immunohistochemistry using antibody to ␤-gal (wg-lacZ) in red and myc epitope-tagged dLMO in green on third instar wing discs. UAS-dLMO myc is being driven with ptc-G4. Formation of an ectopic wg-lacZ stripe (arrowhead) occurs at the posterior edge of the ptc-G4 expression domain in the dorsal compartment. wg-lacZ is expressed both in the dLMO misexpression domain (double-staining appears yellow) and in the cells lying adjacent to it along the posterior edge. (E) The adult wing produced when dLMO is overexpressed with ptc-G4 and EP 1394 contains an ectopic wing outgrowth (arrowhead). The endogenous anterior and posterior wing margins are indicated by the arrows. Note the notch in the margin at the A-P boundary because of disruption of endogenous D-V boundary signaling (asterisk).
wing patterning effects of dLMO misexpression in the context of our current knowledge of wing development.
The Drosophila LIM-homeodomain protein Ap serves as the selector gene for the dorsal compartment (3, 4, 24) . The juxtaposition of Ap-expressing dorsal cells and nonexpressing ventral cells establishes a D-V organizing center at their boundary (3). In the late third instar disc, wg and ct expression is induced in a three-to six-cell-wide stripe that straddles the D-V boundary, the location of the future wing margin (5, 8, 9) . It is known that ap expression needs to be maintained continuously in the dorsal compartment, because loss of Ap function in mutant clones as late as third instar causes cellautonomous fate transformation from dorsal to ventral (3) . ap mutant clones in the interior of the dorsal compartment create a new boundary of dorsal versus ventral cells, thereby initiating the genetic program normally reserved for the endogenous D-V boundary. wg and ct are expressed in stripes of cells flanking the ectopic boundary, signifying the formation of an ectopic margin (3-5, 8, 9) . Outgrowth organized by this ectopic margin eventually leads to the outgrowth of an ectopic wing from the dorsal surface of the wing blade (1).
We have generated an ectopic wing outgrowth phenotype similar to that produced by ap mutant clones by overexpression of dLMO in the wing disc. When dLMO expression is driven by ptc-G4, an ectopic margin is formed that, as with ap mutant clones, expresses wg-lacZ and Ct in the dorsal compartment of third instar wing discs. These similarities, along with the common LIM domain structure between dLMO and Ap, make it likely that misexpressed dLMO exerts its effect through interference with Ap function. Two not mutually exclusive models can be proposed for the possible molecular interactions between dLMO and Ap protein based on the extensive biochemical studies that have been carried out on LIM-HD and LMO class proteins. In one scenario, dLMO binds directly to Ap. High levels of dLMO could prevent Ap from binding DNA either by interaction with the homeodomain or the LIM domains of Ap. If dLMO binds the homeodomain, it could mask the DNA-binding portion of Ap, analogous to the ability of the LIM domains of other LIM-HD proteins to inhibit DNA-binding activity of the homeodomain (34) . Alternatively, if dLMO binds the LIM domains of Ap, analogous to the observed LIM-LIM interactions between many LIM domain proteins (35, 36) , it may negatively regulate Ap by forming nonfunctional heterodimers, reminiscent of the mechanism used by Id to prevent DNA binding by MyoD (37) . A second model involves the sequestration of coactivators of Ap by dLMO rather than direct binding of dLMO to Ap. Recently, Drosophila Chip has been identified as a homolog of the mouse LIM domain-binding protein (Ldb-1͞Nli͞cLIM-2) (38-41) . Chip binds the LIM domains of Ap protein, and mutations in Chip enhance ap mutations genetically (38) . dLMO might be able to bind Chip, analogous to what is seen between mouse LMO proteins and Ldb-1 (42) (43) (44) . High levels of dLMO might then interfere with Ap function by sequestering its putative coactivator, Chip. The expression of dLMO in the wing disc during patterning makes it possible that one of these mechanisms, or some other mechanism, is used by dLMO to regulate wing development.
We demonstrate in this report that Bx mutations most likely disrupt dLMO, which was cloned previously based on sequence similarity with a human oncogene (16) . The Bx phenotype appears to be associated with elevated activity of the hdp-a gene because this phenotype can be produced simply by increasing the copy number of the wild-type hdp-a gene (12) (13) (14) . We believe the hdp-a gene encodes dLMO. In support of this idea, a phenotype very similar to that of Bx can be produced when Ser-G4 is used to drive overexpression from UAS-dLMO transgenes. Several independently derived Bx alleles contain transposable element insertions in the 3Ј UTR of the dLMO gene. We suspect that at least part of the effect of Bx mutations is because of interference with the postulated mRNA destabilizing function of the dLMO 3Ј UTR (16) , possibly leading to abnormally high levels of dLMO protein.
Having cloned dLMO, Zhu et al. (16) noted that the 3Ј UTR contains 9 copies of an AT-rich motif common to short-lived mRNAs. Drosophila dLMO and human LMO-2 contain a 25-bp sequence in their 3Ј UTRs that is 83% identical and contains one of these AT-rich motifs (16) . This conservation might indicate an important role for the 3Ј UTR in regulating the activity of LMO genes.
The expression of LMO-2, a mammalian homolog of dLMO, in the mesenchyme of the developing mouse limb bud raises the interesting possibility that the function of the LMO genes has been conserved evolutionarily between insects and mammals. Lmx-1, a LIM-HD protein like Ap, is expressed in the mesenchyme of the dorsal limb bud during development (21) . Loss of Lmx-1b function causes a biventral phenotype, implicating Lmx-1b as a primary dorsalizing activity in the mouse limb (45) . As with dLMO, LMO-2 is expressed in both the dorsal and ventral compartments during limb patterning. LMO-2 or other LMO proteins could interact with Lmx-1 in a manner similar to the proposed interaction between Ap and dLMO in Drosophila wing. LMO-2 also is expressed at the somite boundaries (data not shown). Many genes required for forming the D-V boundary in the developing limb, such as members of the fringe, Wnt, and Notch gene families, also play an important role during somitogenesis (46) . The presence of LMO-2 RNA at the somite boundaries might indicate a conserved role of LMO gene family members in the context of boundary formation, including the limb bud, somite, and insect wing disc. Future work with both dLMO and vertebrate LMOs should further our understanding of the complex molecular interactions involved in patterning during insect and vertebrate development. California 
